Two efficient catalyst based on CuAl and CoAl layered double hydroxides (LDHs) supported on graphene oxide (GO) for the carbon-carbon coupling (Classic Ullmann Homocoupling Reaction) are reported. The pure and hybrid materials were synthesised by direct precipitation of the LDH nanoparticles onto GO, followed by a chemical, structural and physical characterization by electron microscopy, X-ray diffraction (XRD), thermogravimetric analysis (TGA), surface area measurements, X-ray photoelectron spectroscopy (XPS) and temperature programmed reduction (TPR). The GO-supported and unsupported CuAl-LDH and CoAl-LDH hybrids were tested over the Classic Ullman Homocoupling Reaction of iodobenzene. In the current study CuAl-and CoAl-LDHs have shown excellent yields (91% and 98%, respectively) at very short reaction times (25 min). GO provides a light-weight, charge complementary and two-dimensional material that interacts effectively with the 2D LDHs, in turn enhancing the stability of LDH. As a result, the recyclability of the heterogeneous catalyst systems is greatly enhanced. After 5 re-use cycles, the catalytic activity of the LDH/GO hybrid is up to 2 times higher than for the unsupported LDH.
Introduction
LDH-based materials display great potential as heterogeneous catalyst due to their versatility given by the possibility of incorporation of various catalytically-active transition metal species (e.g., Cu, Co, Fe, Ni, V, Rh), the strong alkaline nature and an easy separation of the products [1] [2] [3] . In particular, LDHs have been intensively investigated in recent years as catalysts and catalyst supports [4, 5] in many aspects, such as organic synthesis, (photo) degradation of organic wastes, greenhouse gas control emission and H2 production [6] [7] [8] [9] [10] [11] [12] [13] .
However, the catalytic activity of LDHs is always limited by their tendency to aggregate and poor mechanical properties. Various methods have been explored to overcome these problems, such as the combination of LDH with carbon nanofibers [14] and carbon nanotubes [15] [16] [17] [18] [19] [20] , as previously studied in our group [21] . Among the nanocarbons, the 2D geometry of graphene oxide (GO) is obviously compatible with the layered structure of LDHs and there is also a charge compatibility between the positively charged LDH and negatively charged GO. The large size of GO sheets compared to LDH platelets implies that it may be possible to form an open network with large pores allowing access of the reactants to the active LDH sites which is helpful for the high rate conversion of the reactants [15] . When combining LDH with GO, the heat and mass transfers during a reaction can be greatly improved. As previously observed in our group [22] GO can also offer the mechanical strength that allows a better stability of the catalyst under operation conditions, as well as facilitate the recovery and reuse of the catalyst. In this regard, there is one previous study that combines LDH and GO as heterogeneous catalyst and probes the enhancement of the catalytic activity mainly attributed to the higher metal dispersion and smaller size of deposited nanoparticles [23] .
Among the catalytic reactions currently under study, the production of biaryl compounds have gained importance in the last decade [24] [25] [26] [27] [28] [29] [30] [31] . The molecules containing this framework have shown activity across a wide range of therapeutic applications, which include antifungal, anti-inflammatory, antirheumatic, antitumor, and antihypertensive agents [32] . The main method for the synthesis of biaryls is the Classic Ullmann Homocoupling Reaction [33] based on the transition metal-catalyzed cross-coupling reaction starting from two discrete aromatic halide entities and stoichiometric amounts of organometallic reagents, originally copper [30, [34] [35] [36] [37] [38] [39] . In principle, this reaction requires harsh reaction conditions, such as large excess of phenols, high temperatures (>200 °C) and at least stoichiometric amounts of copper, which result in the production of undesirable chemical waste [40] . Besides, most of the Cu based catalysts need an extra base and/or require long reaction times [41, 42] . As an alternative palladium, gold and nickel based catalysts have been introduced [43] [44] [45] [46] . However, the metal catalyst together with the required ligands are expensive (Pd and Au) or even toxic (Ni), and above, they require an additional reducing agent, thus limiting their relevance for industrial applications.
Hence, it is of great practical interest to develop an efficient, inexpensive, solid heterogeneous catalyst that can catalyse the Ullmann coupling of aryls to biaryls in the absence of base, with short reaction time for a desirable product yield, which can be easily separated and reused in the reaction several times. Some attempts using different Cu catalysts systems have been reported [37, 47] and although the reaction yields can be high, unfortunately hours long completion times make the process impracticable. In an attempt to shorten the reaction time, our group has previously reported [48] microwave induced organic reaction enhancement over the Classic Ullmann Reaction to give biphenyl groups using Cu-Al LDH and reached a conversion of 91% at 120°C with a reaction completion time of 12 min. From a practical point of view, the aim in this work is to prepare catalysts that reach high yields in short completion time just applying temperature and avoiding any extra features such as the use of microwaves.
As an alternative to the classic copper-based Ullmann catalyst systems, cobalt-based LDH materials are also investigated. Cobalt has been extensively used for cross coupling reactions but only a handful of homocoupling reactions with good selectivity have been reported and all of them using substituted benzylic Grignard reagents [49] . It was not until 45 years later when Gosmini described good yields in the formation of unsymmetrical biaryls first [50, 51] and symmetrical biaryls later [52] both catalysed by cobalt in combination with manganese dust as reducing agent. When substituting phenyl groups by an electron withdrawing group yields of up to 84% have been reported. However, the product of this reaction is a substituted biaryl. When running the Classic Ullmann Reaction of homocoupling of iodobenzene to give the unsubstituted biaryl, the desired motif, scaffold of many therapeutic molecules [32] and our main focus here, the reported yield reached only 32 %. Recently Wangelin et al. [53] showed yields of up to 86 % using substituted benzylic Grignard reagents to give pure unsubstitued biaryls with reaction completion times as short as 30 min; yet the experimental procedure requires a purge of synthetic air as oxidant. Some other attempts have been published by Yu et al. [54] giving yields up to 81% using bromobenzene, Grignard reagents and atmospheric oxygen as oxidant but the reported completion time of 3 hours is still long from a practical point of view.
In order to improve further the catalyst and motivated by the aforementioned findings, in this study LDH materials were supported on Graphene Oxide (GO). Two hybrid materials with different LDH compositions were prepared, CuAl LDH/GO and CoAl LDH/GO, by in situ coprecipitation of LDH onto GO, in aqueous solution. The hybrids were fully characterised and their catalytic efficiency over the Classic Ullman Reaction was studied. purchased from Sigma-Aldrich and used without further purification. NaOH, Na2CO3 were purchased from AnalaR. Graphene oxide solution (10 mg mL -1 ) was purchased from ACSMaterial and used without further processing.
2.2 Synthesis. Cu-Al LDHs (Cu:Al ratio 2:1) were synthesised by co-precipitation at constant pH (pH=10) [48] . The reaction was carried out within an autotitrator system (Mettler Toledo T50 Titrator) in order to monitor and adjust pH. Using a syringe pump, an aqueous metal salt solution (24 mL, 0.67 M Cu(NO3)2•3H2O and 0.33 M Al(NO3)3•9H2O) was slowly added into an aqueous reservoir (100 mL, 0.01 M NaOH, pH 12) at 50°C at 25 mL h -1 , using the overhead stirrer of the autoclave to ensure efficient fast mixing. An aqueous base solution (1 M NaOH, 1 M Na2CO3) was simultaneously added through the autotitrator to maintain a constant pH of 10. The resulting blue suspension was aged at 50°C for 20 h under stirring. The product was filtered using polycarbonate membranes (pore size 400 nm) and washed with HPLC water several times until the final pH reached 7. The precipitate was dried overnight at 80 °C. For the synthesis of the CuAl-LDH/GO hybrids (nominal LDH:GO ratio 20:1) has been used, proven to be the optimal ratio in previous studies in our group [22] , an aqueous GO dispersion (10 mL, 10 mg mL -1 ) was added to the initial aqueous reservoir, and the pH readjusted to pH 12. The co-precipitation, aging and washing procedures were carried out as described above.
CoAl LDHs (Co:Al ratio 2:1) were synthesised via a urea-mediated co-precipitation approach [55] . A dilute metal salt solution containing urea (400 mL; 10 mM CoCl2•6H2O, 5mM AlCl3•6H2O and 35 mM urea) was refluxed in nitrogen atmosphere at 97 °C under continuous magnetic stirring for 48 hours. The resulting pink precipitate was filtered, washed with HPLC water and ethanol several times until the final pH was 7, and dried overnight at 30°C. For the synthesis of the CoAl-LDH / GO hybrids (nominal LDH:GO ratio 20:1), an aqueous GO dispersion (2.5 mL, 10 mg mL -1 ) was added to the metal salt solution, while the rest of the synthesis and washing procedures remained the same.
Catalytic test.
The catalyst (0.25 g), iodobenzene (2.0 mmol), and DMSO (4.0 mL) were mixed in a three necked round bottomed flask. The reaction mixture was heated at 110°C in a thermostatic oil-bath for the required time to complete the reaction as monitored by TLC. The progress of the reaction was monitored by thin layer chromatography (TLC) for every 5 min (eluent; petroleum ether: chloroform). After the completion of the reaction, the reaction mixture was cooled to room temperature and the catalyst was removed by filtration, washed with CHCl3 and the solvent was evaporated under reduced pressure to obtain the product.
2.4. Material Characterisation. X-ray diffraction (XRD) measurements were performed using a PAnalytical X'Pert Pro Multi Purpose Diffractometer (Cu K radiation) in reflection mode at room temperature, between 5° to 80°. Scanning electron microscopy (SEM) images were taken using Gemini 1525 FEGSEM. Transmission electron microscopy (TEM) images were taken by a JOEL 2010, operating at 200 kV. Thermogravimetric analysis (TGA) was carried out using a PerkinElmer Pyris 1 Thermogravimetric Analyser. The samples (10 ± 1 mg ) were first dried at 100°C for 60 min under N2 and then heated from 100°C to 850 °C at 10 °C min -1 in air (20 mL min -1 ). For Brunauer-Emmett-Teller (BET) measurements, samples (100 mg) were pre-dried overnight under N2 at 40°C prior to the measurements. N2 adsorption and desorption isotherms were measured at 77 K using a Micromeritics TriStar 3000 apparatus. Surface areas were calculated according to the BET equation. The mesopore volume and the mesopore size distribution were calculated from the desorption branch of the sorption isotherm via Barnett-JoynerHalendar (BJH) analysis. XPS spectra of powdered graphite samples were recorded using a Thermo Scientifc KAlpha instrument using focused (400 mm spot) monochromatic Al-K radiation at a pass energy of 40 eV. The binding energies were referenced to the C 1s peak of adventitious carbon at 284.8 eV. Temperature programmed reduction (TPR) was carried out, using a Micrometrics AUTOCHEM 2920 apparatus. Prior to the analysis, the untreated samples (20-40 mg) were preconditioned at 110°C for 2 hours under helium. Subsequently, the atmosphere was switched to 10% H2 in Argon (50 mL.min -1 ) and the sample was heated up to 900°C at 10°C.min -1 . The gases evolved were monitored via a thermal conductivity detector. In order to avoid interference, formed water was condensed in an iso-propanol bath (-40°C), located between the sample and the detector. All melting points of the products were measured on a Gallenkamp melting point apparatus and are uncorrected. The infrared spectra were recorded in KBr disks on Shimadzu FTIR 8101 PC infrared spectrophotometers. The NMR spectra were recorded on a Var-ian Mercury VX-300 NMR spectrometer.1H spectra were run at 300 MHz in CDCl3. Chemical shifts were related to that of the solvent. GC-MS analysis was carried out using Shimadzu, GCM-SQP2010S equipped with a direct insertion probe (DIP) was used to acquire the mass spectra of extracted volatile organic compounds and detected in the electron impact mode (EI-MS) by the application of 70 eV as the ionization energy.
Results and Discussion
Electron microscopy ( Figure 1 and Figure 2 ) was carried out to investigate the morphology of the synthesised LDH catalysts. Both TEM and SEM showed CuAl-LDH particles with lateral particle sizes of several 100 nanometers (Figure 1a) while the individual CoAl-LDH particles are considerably larger, with lateral particle dimensions of up to 8 m (Figure 2b ). SEM imaging (Figure 2 ) clearly showed that the in dividual CuAland CoAl-LDH particles cluster together into larger aggregates while TEM confirmed the crystallinity and typical hexagonal, platelet-like shape of the individual CuAl-and CoAl-LDH nanoparticles. For the GOsupported CuAl-LDH and CoAl-LDH materials (Figures 2a and 2c) , SEM indicated similar individual particle sizes as observed for the pure LDH catalysts. Further, SEM fails to visualize any indication for GO in the hybrids, suggesting the presence of well-exfoliated GO sheets, fully covered by LDH particles. It is worth noting however that the packing of the individual hexagonal LDH particles within CoAl -LDH/GO sample ( Figure 2c ) appeared relatively loose and random compared to the dense and aligned packing in the pure CoAl-LDH particles (Figure 2b ), suggesting the presence of GO in the interstitial spaces of the hybrid material. TGA under oxidative conditions was carried out to confirm the presence of GO in the hybrid materials ( Figure 3 ). All LDH samples exhibited two distinct stages of weight loss upon temperature increase, the first stage (around 240°C) related to the loss of crystal water while the second stage (at 650°C for CuAl -LDH and at 300° for CoAl-LDH) related to the release of intercalated anions. The actual GO weight percentage in the sample can be estimated from the TGA residues. The smaller TGA residue weight of the hybrid materials, compared to pure LDH parent materials, clearly indicate the presence of combustible nanocarbons in the hybrid catalysts. As applied in previous publications [22] , a simple rule-of-mixture analysis of the residue allows the estimation of the carbon content for both CuAl-LDH/GO and CoAl-LDH/GO (Table 1) . In both samples a carbon content of about 3 wt% has been calculated. This slightly lower carbon loading compared to the nominal GO weight fraction (5 wt%) is consistent with the loss of highly-oxidized, polyaromatic GO debris removed under the basic conditions of the materials synthesis and washing. XRD spectroscopy of the pure and hybrid catalyst powders (Figure 4 ) confirmed the crystallinity and crystal structure of the catalyst systems on the macroscopic scale. All catalyst systems showed reflections typical for LDH structures with no phase impurities apparent. Minor differences in the stacking of the double-hydroxide layers in the CuAl LDHs and CoAl LDHs give rise to different overall crystallographic symmetries, leading to the formation of hexagonal and rhombohedral hydrotalcite-like structures, respectively [56] . In the hybrid catalysts, no diffraction features related to GO are observed due to the small loading fraction of GO, its relative disorder, and its high degree of exfoliation. Scherrer analysis of the LDH reflections at around 2 =12° indicate apparent crystal sizes in the cdirection (stacking direction of the LDH sheets) of around 43 nm for the CoAl-LDH but only 19 nm for the CuAl-LDH (Table 1) . For the hybrid LDH/GO catalysts, the crystal domain sizes are virtually unchanged ( Table 1) , suggesting that the presence of small amounts of GO during catalyst synthesis has no significant impact on crystallinity. Liquid nitrogen adsorption measurements were conducted to investigate the textural properties of the pure and GOcontaining LDH catalyst. All adsorption isotherms exhibited Type IV shape, typical for mesoporous adsorbents, consistent with previous reports on GO-supported nanocarbons. The specific surface area of CuAl-LDH is significantly larger than the one of the CoAl-LDH (Table 1) , consistent with the differences in particle size observed by electron microscopy ( Figure 2) . Further, the BET data indicate considerable increases in specific surface area (about 100%) for both CuAl-and CoAl-LDH upon incorporation of only 3wt% GO (Table 1) . While the total mesopore volumes remain unchanged upon GO incorporation (Table 1) , the pore size distributions show a clear new population of small pores (around 2-3 nm, Figure 5 ) in both CuAl-LDH/GO and CoAl-LD/GO, potentially due to small interstitial spaces created by the presence of GO nanosheets between individual LDH nanoparticles. The elemental composition of the catalysts in the bulk and on the surface was probed by electron dispersive spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS), respectively. Both methods confirmed the absence of sodium (a potential impurity from the catalyst synthesis that might affect catalyst performance). For the CoAl-LDH catalysts, the Co:Al ratio on the surface and in the bulk was found to be close to the nominal ratio of 2:1 as expected from the stoichiometry employed during synthesis. High-resolution XPS of the Co region exhibited the typical signature of Co (II) with no indication of other cobalt species. For the CuAl-LDHs, the molar Cu:Al ratio probed by EDS is close to the stoichiometric ratio 2:1. Determination of the elemental surface composition by XPS was not attempted for these systems as the significant overlap of the Cu and Al XPS peaks makes quantification unreliable. However, high resolution XPS of the Cu 2p peaks shows the typical profile for Cu (II). Deconvolution of the Cu 2p3/2 photoelectron peak into two components at 933 eV and 934 eV respectively has been used to distinguish between separated, individual Cu (II) centres and clustered Cu (II) species, respectively [48] . Following this approach, copper is nearly exclusively (>90%) present as clustered species in the LDH materials produced. Both metals (II):Al (III) ratio and high-resolution XPS profile show no significant changes upon incorporation of GO for both Cu-Al and Co-Al LDH catalyst systems (ESI, Figure S1 , S2, Table S1 ). These observation suggests that the presence of small concentrations of GO during LDH synthesis has no significant impact on the chemical composition of the materials. In order to test the reducibility of the materials, an important characteristic for performance in Ullmann coupling, temperature programmed reduction (TPR) measurements in H2/Ar were conducted. The resulting TPR profiles were comparable to literature reports on TPR of copper and cobalt containing materials, respectively. The pure CuAl LDH catalyst showed a two-component reduction peak at around 255°C, typical for the reduction of Cu
2+
. It is noteworthy that no significant reduction events were observed at temperatures higher than 300°C, typical for the reduction of CuO clusters, suggesting that all Cu 2+ species are well-incorporated into the brucite lattice of the LDH structure. The CuAl-LDH/GO catalyst exhibited an onset of reduction about 15°C earlier than the pure parent LDH. This earlier onset suggests slightly easier reduction, potentially related to the improved site accessibility in the LDH/GO hybrids, discussed above. The pure and hybrid CoAl-LDH catalysts showed broad reduction profiles at considerably higher temperatures (400-600°C), consistent with literature reports on the H2-TPR characteristics of cobalt-containing materials [57] . For the CoAl-LDH/GO sample, a clear additional reduction peak at a lower temperature of around 325°C was observed, indicating again easier reduction of the GO-containing hybrid catalyst. The origin of this early reduction event is not clear, but could also be associated with improved site accessibility.
Author name / Procedia Computer Science 00 (2016) 000-000 The condensation of iodobenzene to biphenyl (Scheme 1) was chosen as the model reaction for the catalytic study of our CuAl LDH and CoAl LDH catalysts, due to its significance in organic synthesis [32] . All the catalysts showed substantial activity in short time (25 min), and a catalytic activity with a trend in the order CuAl LDH> CoAl LDH> CuAl LDH/GO > CoAl LDH/GO with respective reaction yields of 91, 88, 83, and 68%. Therefore, the best isolated biphenyl yields were achieved by Cu containing LDH catalysts. As a comparison, the catalytic activity of our catalyst and other Cu and Co catalysts reported in the literature over the Classic Ullmann Homocoupling Reaction to give unsubstituted biphenyls have been collected in Table 2 . [1] 25 min 110 68 This work * molarity data not available [1] estimated by inductively coupled plasma atomic emission spectroscopy (ICP-AES).
It is of particular interest the catalytic performance shown by the CoAl LDH catalyst. As shown in Table 2 , the catalytic yield for the homocoupling of iodobenzene is higher than the one reported in the literature (entries 9, 10 and 11 in Table 2 ). As mentioned in the introduction, there are less than 7 examples that show good yield (up to 65%) on homocoupling reactions using Co catalysts and those works were developed back in 1964. Recently, yields of up to 84% have been reported [52] for the same reaction using CoBr2 but the substitution of phenyl groups by an electron withdrawing group was required resulting in the corresponding substituted biphenyl. When using halobenzenes the only reported yield falls down to 32% (entry 8 in Table 2 ) and only shows better performance when using Grignard reagents (entry 9 in Table 2 ). Therefore, the unprecedented yields we report here (88%) open new horizons over the use of Co catalyst for Classic Ullmann Reactions. The reaction completion time has been also reduced considerably to 25 min. Comparable yield and completion time are only shown in entry 10 but however, the proposed reaction system requires a synthetic air purge and 0°C and therefore is less practicable if compared with the one proposed in the current study.
The unsupported CuAl LDH synthesised here (entry 6, Table 2 ) shows high conversion values (91%) but most importantly, the reaction completion time has been reduced by a factor of ten, specifically from 5 h to 25 min if we compare it with related works in literature (entry 4 in Table 2 ). Silica supported copper catalyst have shown yields of the same order of magnitude (entry 3 in Table 2 ). However, the reaction reported in this work is performed in the absence of base and the reaction completion time is forty times shorter. Indeed the reaction was completed in a very short reaction time and with a high yield using a conventional method as an alternative to previous work in our group using microwaves (entry 5 in Table 2 ) [48] .
Cu and Co particle size can play an important role in the catalytic activity as reported by Gedanken [41] . As observed previously in our group [22] the precipitation of LDH onto graphene oxide leads to a smaller particle size if compared with the unsupported LDH due to a nucleation effect. The commercial copper (entry 1, Table 2 ) has been reported to have a particle size between 500 and 600 nm and shows 43 % conversion of iodobenzene to biphenyl. However, at the same experimental conditions, using sonochemically prepared copper (entry 4, Table 2 ) with particle size between 50-70 nm, the same authors show a conversion of about 88 %. The LDH platelets shown in the SEM and TEM pictures (Figures 1 and 2 ) have a lateral dimension of 100 nm and 8 µm respectively for the Cu and Co LDH. XRD has shown also smaller crystal domain for the CuAlLDH than for the CoAlLDH hybrid. The particle size difference is reflected directly in a higher surface area shown by the CuAlLDH with a consequent higher exposition of the active sites to the reactants, and therefore showing higher catalytic activity if compared with the CoAlLDH. The finding supports the relation between particle size and catalytic activity; smaller particles provides a large amount of exposed active reaction centres improving the catalytic performance of the LDH itself. When introducing graphene oxide, the catalytic activity of the hybrids is lower in both catalyst, Cu and Co LDHs. Although the surface area of the dry hybrid is high (Table 1) , when introducing the hybrid in DMSO for the catalytic test, a restacking of the GO layers can be provoked. The restacking of the GO layers can reduce the accessibility of the reactants to the active sites of the supported LDH. The same behaviour has been observed previously in our group. [22] Nevertheless, the GO plays a critical role in the stability of the catalyst over reusability cycles; highly sought characteristic for industrial applications. The reusability of all the investigated catalysts was determined over five reaction cycles under optimized reaction conditions (Figure 8 ). It is shown from these results that after five regeneration cycles the GO-supported catalysts have better catalytic activity/selectivity and product's yield than the unsupported samples. It is remarkable the small loss of catalytic activity after 5 reaction cycles when the LDHs are supported on GO. The same behaviour has been observed previously in our group [22] proving that the GO gives the mechanical stability to stand the temperature switch during the cycles. In particular the stability of unsupported LDH is greatly improved by the addition of 3wt% of GO; after 5 cycles, the catalytic activity is about 1.4 times higher for the CuAl LDH/GO hybrid than for the pure LDH and nearly 2 times higher for the CoAl LDH/GO hybrid. In other words, the reaction yield of the byphenyl synthesis by GO supported Cu and Co catalysts drops slightly to approximately 70% of its initial value after the fifth cycle. Reusability studies over the same classic Ullmann reaction using other catalytic systems usually shows that after the fifth cycle, the yield decreases to 40 % of its initial value [46] . This significant result emphasizes the potential of LDH/GO hybrids containing low amounts of GO for catalytic applications. In this case, the mechanical properties of GO provide the stability to the hybrid. Moreover, the ease of separation and recovery of the catalyst leads to a lower amount of metal leached in the desired products, and makes possible the reuse of the catalyst for many cycles of production. 
Conclusions
Biaryl compounds are an important class of "building blocks" widely employed in polymer industries and pharmaceutical areas. Ullmann Classic Reaction is since 1901 [40] , the main route to fabrication of unsubstituted biaryls. The Ullmann reaction was originally developed as a C−C coupling between aromatic halides induced by a transition metal. However, there are a series of drawbacks that makes the reaction industrially impractical. We report the synthesis and characterisation of CuAl layered double hydroxide (LDHs) and CoAl LDHs as new heterogeneous catalyst for the synthesis of biaryls by carbon-carbon coupling (Classic Ullmann Reaction). The CuAlLDH and CoAlLDH catalysts showed to be efficient, inexpensive solid heterogeneous catalysts that can catalyse the Ullmann coupling of aryls to biaryls in the absence of base, using practical reaction conditions, with short reaction times (25 min) and with a high yield. Indeed the obtained yields are among the highest reported for the same reaction using Cu and Co based catalysts (yields of 91% and 88 % for Cu and Co, respectively). The better performance can be related to the smaller particle size measured by transmission and scanning electron microscopy and therefore higher surface area, hence providing a large amount of exposed active reaction centres. The integration of high surface area 2D (graphene oxide GO) allows the dispersion of LDH over the surface due to geometric and charge compatibility between GO and LDH. However, GO's poor network forming ability impacts in its overall catalytic activity. In the future, approaches to maintain an open GO structure as a support are likely to be beneficial, for example, by combinations of GO with materials such as carbon nanotubes [59] that provide an open framework structure. The resulting hybrid will provide a combination of active surface and network formation. However, the mechanical properties of GO allows an enhancement of the stability of the catalyst that can be separated and reused in the reaction several times with a loss of activity as low as 70 % of its initial value after 5 cycles. Moreover, this class of supported reagents can facilitate both the isolation and recycling of the catalyst by filtration, thus providing environmentally cleaner processes. Finally, LDH/GO hybrid structures are likely to be relevant to a wide variety of applications, including CO2 sorption [22] and supercapacitors [60] .
